P art l of this paper' dealt with prestressed concrete beams hanging from lifting loops. The stability of beams hanging from loops is primarily a function of the elastic stiffness properties of the beam and may readily be determined using the methods given in Part I .
This Part 2 paper deals with the stability of beams when supported on elastic supports below the beam . Such supports may be bearing pads or transportation equipment. The understanding of the behavior of a beam supported on elastic supports was found to be different from and far more complex than that for a beam hanging from lifting loops.
It was found that rollover of beams supported from below is determined primarily by the properties of the support C_ATERAL rather than the beam. Long prestressed concrete 1-beams of ordinary proportions (such as the PCI BT -72), when supported from below, were usually found to have sufficient lateral bending strength to withstand greater angles of inclination than can be resisted by the supports.
~~F~~~:~ -·.l-·-·-·-·-·-·-. j_ of the beam may be nonlinear. Analytical solutions to the problems were developed, and the results were verified by a full-scale test.
This Part 2 paper supplements Part 1. Eqs. (1) to (15) were given in Part 1. Additional equations given in this Part 2 paper begin with Eq. (16). Part 1 is still valid, with two exceptions: the author recommends using Eq. (22) instead of Eqs. (1) and (2) , and using Eq. (30) instead ofEqs. (14) and (15).
BACKGROUND
Classic studies of lateral buckling of beams are based on the assumption that the beams are rigidly restrained from rotation at the supports. Buckling is caused by the middle part of the span twisting relative to the support, creating a sideways deflection. This type of buckling is important in steel 1-beams, which have low torsional stiffness.
The torsional stiffness of an 1-beam varies as the cube of the thickness of the web and flanges. Concrete 1-beams, with relatively thick webs and flanges, are 100 to 1000 times stiffer in torsion than steel 1-beams. As a result, lateral buckling of the classic type is seldom critical in a concrete beam. But, when the supports have roll flexibility, the beams may roll sideways, producing lateral bending of the beam. This is the cause of most lateral stability problems involving long concrete 1-beams.
The approach may be greatly simplified by assuming the beam to be rigid in torsion. For concrete 1-beams with webs and flanges 6 in. (150 mm) or more in thickness, the torsional stiffness of the beams will normally be much greater than the roll stiffness of the supports. The assumption of torsional rigidity for the beam transforms the problem from a buckling problem to a bending and equilibrium problem.
GENERAL SOLUTION
The equilibrium of a slender beam on elastic supports is shown in Fig. 1 . This figure is similar to Fig. C 1 of Part 1, but with a positive quantity y being used for the height of January-February 1993 the center of gravity of the beam above the roll axis. The applied overturning moment arm ca about the roll axis due to the weight of the beam is: Ca = Z COS 9 + e; COS 9 + y sin 9 The rotational spring constant K 6 has units of moment divided by rotation angle in radians. The rotational spring constant of an elastic support is found by applying a moment and measuring the rotation. The quantity K 6 is equal to the moment divided by the rotation angle.
It is convenient to let r = K 8 /W. The quantity r has a physical interpretation. It is the height at which the total beam weight W could be placed to cause neutral equilibrium with the spring for a given small angle 9 (see Fig. 2 ). For neutral equilibrium, the overturning moment will just equal the resisting moment when the member supporting W is displaced by a small angle. The quantity r may be called the radius of stability.
The equilibrium angle e may be found by equating Ca to cr. Since both ca and Cr may be nonlinear functions of e, the solution may be done graphically or by numerical iteration.
When a beam is hanging from lifting loops, the support spring constant K 9 is normally zero, and the resisting moment and resisting lever arm are provided by the weight of the beam itself. In this case, it is convenient to substitute the positive quantity Yr for the negative quantity -y, and move it from the applied moment arm to the resisting moment arm side of the equation. When ca and cr are equated and the small angle approximations sin e = e and cos e = 1 are made, the equations of Part 1 result. The equations for ca and cr represent a more general solution to the stability of hanging beams, as will be demonstrated later in this paper.
In Part 1, linear elastic behavior of hanging beams was assumed, and thus the quantity z could be replaced by 2 0 sin 8, where z 0 is the theoretical lateral deflection of the center of gravity of the beam with the full dead weight applied laterally, using the gross lateral moment of inertia /g. The general solution requires that z be computed using cracked section stiffness, which varies with the roll angle e when e exceeds the tilt angle emax• at which cracking begins.
BIAXIAL BENDING OF CRACKED PRESTRESSED I-BEAMS
A common method of assessing the lateral bending strength of a long prestressed concrete beam is to limit the tensile stresses in the comer of the top flange to the modulus of rupture of the concrete, and to provide reinforcement in the top flange. The author has found that this procedure grossly underestimates the lateral bending strength of commonly used prestressed concrete I-beams, such as the PCI BT-72. These I-beams have the ability to resist lateral bending by a lateral shift in the centroid of the compressive force within the beam. Fig. 3 illustrates the compressive stress block at midspan of a long prestressed concrete beam without tilt, where there is no lateral shift of the compressive forces. In long (say over 120 ft, or 36 m) beams, it is ordinarily not possible to place the prestressing force low enough to fully compensate for the dead weight of the beam. Even when supported a few feet from each end, there is usually some residual compression in the top flange.
In very round numbers, the stresses shown in Fig. 3 might typically be 500 psi (3.5 MPa) in the top and 2500 psi (17.2 MPa) in the bottom. Fig. 4 shows the compressive stress block in the same beam when tilted 15 degrees from the vertical.
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Once cracking occurs, the neutral axis acquires a large inclination with respect to the axes of the beam, and the top flange cracks across about one-half of its width. This causes the centroid of the compressive force to shift laterally within the beam. For long I-beams, the prestress force (and the balancing compressive force) is typically 1000 kips (4500 kN) or more.
The primary lateral load resistance is derived from this large force acting on a lateral (minor axis) eccentricity of several inches (or, say, 200 mm), as illustrated in Fig. 4 . Of course, reinforcement in the flanges also provides lateral moment resistance, but its contribution is relatively small compared to the resisting moment provided by the prestress force of 1000 kips (4500 kN) or more and the lateral eccentricity of the balancing compressive force.
ANALYTICAL STUDIES
The analysis of a cracked concrete section subjected to biaxial bending is quite complex. The slope and depth of the neutral axis are both unknown, and both must be found by successive approximations. Once the neutral axis slope and location are found, the net section in compression must be analyzed as a section subjected to unsymmetrical bending, with principal axes inclined to the neutral axis and also inclined to the gross section major and minor axes. Furthermore, a complete solution to the problem involves the analysis of many sections along the length of the beam, so that the deflection and center of gravity of the deflected shape may be found by numerical integration.
The author wrote a computer program to solve this analytical problem. The program is an elastic analysis program. Tensile stresses are neglected in computing stresses and the neutral axis location , but a crude approximation of ten- span range indicated that the beams can tolerate tilt angles of 25 to 30 degrees prior to failure . This result appeared to be at odds with experience. The program was checked as thoroughly as the author was able, but it is difficult to provide a completely independent check to this complex program. It was decided, therefore, that a test would be necessary to verify the accuracy of the analytical program.
TEST PROGRAM
Because the lateral bending of a tilted beam is a selfweight effect, it was decided that a full-scale test would be necessary. The Precast/Prestressed Concrete Institute, the Portland Cement Association, Concrete Technology Corporation, the University of Washington, and BERGER/ABAM Engineers jointly sponsored the test of a 149 ft (45.4 m) beam. The beam was available from a previous job and was tested at the Concrete Technology Corporation yard. Fig. 5 shows an overall view of the test setup.
The beam was supported on steel crad les and slowly tipped under controlled conditions. The supports were located 11 ft (3.3 m) in from each end, which is typical for shipping a beam of this length. Tilt and deflection readings were taken at intervals during the test. Data were also collected from strain gauges located at two sections near midspan. A detailed description of the test results will be published as a separate paper.
Three tests were made. In the first test, the beam was tipped to an angle of approximately 15 degrees and then tipped back to vertical. Although calculations indicated that the top flange would be cracked at the 15 degree angle (see Fig. 4 ) , the beam showed no sign of any damage or permanent set after being brought back to vertical.
The second test was performed with the beam braced with a king post bracing system commonly used in Washington State when transporting long beams. Little difference from the first test was observed at a tilt of approximately 15 degrees. The beam was then tipped back to vertical, and the bracing removed. Again, the beam showed no evidence of having been tipped 15 degrees once it was brought back to vertical.
The third test was to destruction, without bracing. Figs. 6 and 7 show the beam as it neared its maximum tilt angle of 32 degrees. Fig. 8 shows the comparison of predicted and actual test results. The failure tilt angle was almost exactly that predicted, and the tilt angle vs. minor axis deflection curve has the same shape as predicted, but with actual deflections being about 10 to 15 percent less than predicted. This is believed to be due to tension stiffening effects within the cracked sections, which were not fully accounted for.
The test results also verified a fundamental assumption used in both Parts 1 and 2 of this paper, that is, the torsional flexibility of the beams may be neglected. At the failure roll angle of 32 degrees, the twist at midspan relative to the supports amounted to about 4 percent of the roll angle. At a 15 degree roll angle, the twist was about 2 percent of the roll angle.
The test results and the computer predictions agree remarkably well. This gives the author confidence that the computer program can be used to predict the behavior of other beams with properties different from the test beam.
EFFECTIVE STIFFNESS OF CRACKED BEAMS
The author's computer program was used to analyze the effective lateral (minor axis) stiffness of nine different long 1-beams, as the stiffness decreases due to cracking at various tilt angles. The beams included modified AASHTO beams, PCI bulb tees, and Washington and Oregon beam sections. All beams had a minor axis moment of inertia of at least 4 percent of the major axis moment of inertia, and an average prestress level of at least 1200 psi (8.3 MPa). .31 9 shows the results. All beams showed similar relationships between stiffness and tilt angle, and all beams had a predicted tilt angle at nominal strength of at least 25 degrees. The end points of the curves indicate the predicted failure point.
• For tilt angles that produce top flange tensile stresses less than 7.51!7:, use the gross 1 8
• A simplified relationship for the effective stiffness is proposed for long prestressed concrete 1-beams of ordinary proportions, such as the PCI BT-72.
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• For tilt angles that produce top flange tensile stresses in excess of 7. 5-y t:, use an effective stiffness: (20) • Assume the maximum 8 at failure e'max to be 0.4 radians (or 23 degrees). (20) to the nine beams analyzed. Although the tests show no sudden change in stiffness at first cracking, it is certainly true that deflections are less predictable after cracking. Therefore, the assumption of a sudden loss of stiffness after cracking is conservative. The length of the plateau prior to cracking will vary depending on the top flange stresses.
<+-<+-
The equations in Part 1 of "Lateral Stability of Long Prestressed Concrete Beams" were derived using the assumption that the beam remained uncracked, and the maximum tilt angle 8max was defined as that at which the tensile stress in a corner of the top flange reached the modulus of rupture. Subsequent analyses, confirmed by tests, show that beams can sustain much larger tilt angles, but with reduced stiffness due to cracking. The tilt angle at failure may be taken as 0.4 radians, and the stiffness at angles between 8max and 0.4 radians may be taken using Eq. resisting moments. Moment arms are obtained by dividing moments by the weight W. This eliminates W from all the equations, and produces a moment arm measured in inches (or millimeters), which is easier to visualize than a bending moment measured in kip-in. (or kN-m). Fig. 11 shows how the applied and resisting moment arms are defined. Taking moments about the center of gravity of the cross section at the lifting point, the applied moment arm ca is that due to the lateral deflection of the center of mass of the deflected shape of the beam, and is given by Eq. (18).
The resisting moment arm c, is given by Eq. (19). Fig. 12 shows a plot of ca and c,. Using the small angle approximations sin 8 = 8 and COS 9 = 1, the curves for Ca and c, are straight lines. The equilibrium angle 9 is defined by the intersection of the curves for ca and c, and Eq. (5) may be derived geometrically from Fig. 12 .
The factor of safety may be defined as the ratio of resist-
January-February 1993
ing moment arm c, to applied moment arm ca:
The initial roll angle 8; of a rigid beam is e; /y,. When 9 is equal to emax• the tilt angle e at which cracking is expected, substituting 9; y, = e; and simplifying, the factor of safety against cracking FS is found: Fig. 13 shows Eq. (22) graphically. Eq. (22) should be used to replace both Eqs. (1) and (2) given in Part 1. The results are identical when either Z 0 /y, or 9J8max is zero.
Eq. (22) gives lower factors of safety when these two ratios are positive, for it considers the combined effect of the two ratios varying simultaneously, while Eqs. (1) and (2) consider the ratios varying one at a time.
The factor of safety against failure FS' may be analyzed by carrying the curves of Fig. 12 beyond the cracking point. A calculation for ca and c, is carried out by Eqs. (18) and (19) for increments of the tilt angle e beyond the cracking point. The curve for the resisting moment arm c, is almost a straight line, since at 0.4 radians, sin 8 = 0.97 8. The curve for the applied moment arm ca curves upward at higher 8 angles as the stiffness decreases and z 0 increases. The ratio of c,!ca is also plotted, using the scale to the right. The maximum ratio, about 1.8, occurs at about 0.16 radians, and this is the factor of safety FS' against failure. One could also think of the factor of safety in terms of the difference in inches (or millimeters) between c, and ca. This difference continues to increase beyond 0.16 radians, reaching a maximum of about 4 in. (100 mm) as 8 nears 0.4 radians. This 4 in. (100 mm) margin may be thought of as a tolerance against failure on the applied and resisting moment arms.
The maximum factor of safety against failure FS' and the tilt angle 8'm= at which this occurs may be found as follows. Eq. (21) may be modified by substituting the cracked section z' 0 as given in Eq. (23): (24) 76 
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The quantities S'max and z'o may be substituted back in
Eq. (21) to find the maximum factor of safety against failure FS':
If the factor of safety against failure FS' is less than the factor of safety against cracking FS, this indicates that the maximum factor of safety occurs just before cracking. In this case, FS' should be taken equal to FS.
BEAMS SUPPORTED FROM BELOW
When a beam is supported on flexible supports such as bearing pads or truck and trailer, a similar situation occurs in which there is a tendency for the beam to roll about a roll axis. In this case, the roll center is below the beam, and Yr would be negative. As discussed earlier, it is convenient to replace it with a positive quantity y, as shown in Fig. 1 .
Because the roll axis is beneath the center of gravity, the support must be capable of providing resistance to rotation. This resistance is expressed as an elastic rotational spring constant K 9 . Taking moments about the roll axis and substituting i 0 sin 8 for z (see Fig. 1 ).
where a is the superelevation angle or tilt angle of the support.
Using the small angle approximations sin 8 = 8 and cos 8 = 1:
Solving Eq. (11) Taking moments about the roll axis, the equations for applied moment arm c 0 (see Fig. 15 ) and resisting moment arm c, are:
Eq. (28) is derived from the fact that the resisting moment is equal to K 9 (8 -a) and r is defined as K 9 /W. Again, the factor of safety is defined as the ratio of the resisting moment arm c, to applied moment arm C 0 • Also, the small angle approximations sin 8 = 8 and cos 8 = 1 are used:
Substituting the tilt angle 8max at which cracking is expected, the factor of safety against cracking FS is found: factors of safety against cracking were often close to or less than unity. To understand the factor of safety against failure, one must look at the post-cracking behavior. This is done as before, by plotting curves of applied moment arm and resisting moment arm. Fig. 16 shows plots of ca and c, for the beam used as a design example by Imper and Laszlo. 2 Note that the moment arms are much larger than for the same beam while hanging (Fig. 14) . The applied moment is dominated by the large y that causes overturning about the roll axis. The quantity Z 0 is of less importance than when the beam is hanging. The resisting arm c, was computed using a K 9 of 40,500 kip-in. per radian ( 4600 kN-m per radian). Actual rigs used to transport a beam of this size could vary considerably from this stiffness. Fig. 17 . Maximum resisting moment arm for a beam on truck and trailer. Fig. 16 shows that the equilibrium tilt angle when on a superelevation of 0.08 radians is about 0.113 radians, whereas the tilt angle causing cracking is 0.10 radians. The rotational flexibility of the trailer causes the extra tilt. One might suggest that stiffer hauling rigs are needed. But, a little flexibility is necessary-not only to absorb road shock, but also to prevent excessive torsional stresses when the truck and trailer are on unequal roadway slopes.
ROLL CENTER
Calculations and experience both show that tilt angles in excess of that which theoretically causes cracking can be tolerated. The test beam showed no observable change in behavior until tilt angles of approximately twice the theoretical tilt angle at cracking were reached.
In most cases in which a beam is supported from below, the maximum resisting moment arm c, is governed by rollover. The maximum factor of safety against rollover may be found as follows. This derivation neglects the weight of the hauling rig; hence, it contains an additional factor of safety. This is thought to be prudent, since spring rates may become highly nonlinear near rollover. The resisting moment arm c, is limited by the geometry of the hauling rig. Assuming a height of roll center h, (normally about 24 in., or 600 mm) and a distance from centerline to the center of dual tires zmax (normally about 36 in., or 915 mm), the maximum resisting moment arm crmax may be found (see Fig. 17 ): 
To find the factor of safety FS' against rollover, Eq. (30) may be modified by substituting the cracked section i' 0 for z 0 and S'max for Smax- r(S;,ax -a)
IMPORTANCE OF ROTATIONAL SPRING STIFFNESS
The effect of rotational spring stiffness K 8 on factors of safety is shown in Fig. 18 . The 136ft (41.5 m) PCI BT-72 bulb tee described in Appendix B was analyzed, with supports 9ft (2.7 m) from each end. A 6 percent superelevation was used in the analysis.
For K 9 = 30,000 kip-in. per radian (3390 kN-m per radian), the factor of safety against cracking is unity, whereas for K 9 = 60,000 kip-in. per radian (6780 kN-m per radian), the factor of safety against cracking is almost 2. This points up the need for determination of the roll stiffness of transport vehicles being used.
MEASURING ROLL STIFFNESS OF VEHICLES
The roll stiffness (rotational spring stiffness) of transport vehicles is an important parameter in evaluating the safety of slender beams during transportation. Information on the roll stiffness of transport vehicles is not normally available. A method for determining roll stiffness is given below.
The roll stiffness of a vehicle may be determined by placing a weight on the vehicle at various eccentricities to the vehicle centerline. The weight should be of the same order of magnitude as the beam reaction. A handy weight is the beam itself. One end of the beam may be secured, and the other end placed on the vehicle at eccentricities of, say, 10 and 20 in. (250 and 500 mm) either side of the centerline.
Because the cross member tilts under eccentric loads, it is necessary to use a narrow bearing strip of hard material between the beam and the cross member, in order to know the eccentricity of the load on the trailer. Rotations may be determined by measuring the vertical movement at either end of the cross member used for chaining the beam. Fig. 19 shows such measurements being taken. The roll stiffness is the average of the values obtained by dividing the eccentric moment by the rotation in radians.
It is assumed that the cross member is rigid, and that the beam is rigidly attached to it during transportation. Horizontal measurements could also be taken and used to locate the height of the roll center. In most cases this is unnecessary, and it may be assumed that the roll center is at the height of the axles, about 24 in. (600 mm) above the ground.
A very limited number of measurements indicates that K 9 may be expected to be in the range of 3000 to 6000 kip-in. per radian (340 to 680 kN-m per radian) per dual-tire axle. The higher values apply to rigs without leaf springs, in which the spring is primarily in the tires. For instance, a steer trailer with four dual and one single axle might be expected to have a roll stiffness of 4.5 x (3000 to 6000) = 13,500 to 27,000 kip-in. per radian (1530 to 3060 kN-m per radian). The total K 9 for the rig is the sum of the stiffnesses of the tractor and trailer. The total K 9 may be conservatively taken as twice the value of the unit with the lower stiffness.
The above figures are based on very limited data and must be used with caution until more data are available from the field. Also, these values apply to axles for which the load is balanced mechanically. Axles with air suspension may contribute little, if any, to roll stiffness. For critical shipments, it is strongly recommended that measurements be made of the roll stiffness of the actual vehicles to be used.
An alternative method for measuring roll stiffness is as follows. With the rig on a level surface, measure the tilt angle of the beam (presumably near zero) at the two supports and find the average. Then, with the vehicle parked on pavement with a substantial cross slope, measure the tilt angle of the beam at the two supports and find the average. Take e as the difference of the initial readings and those on the cross slope. Then estimate r (= K 9 /W) is obtained as follows: (34) Eq. (34) corrects for the flexibility of the beam. The cross slope angle a should be about as large as that anticipated during delivery, in order to get accurate results. Both truck and trailer should be parked on the same cross slope, which may be created by the use of blocking beneath one side.
BEARING PADS
Elastomeric bearing pads also provide a "springy" support for prestressed concrete beams. The rotational spring constant K 9 is determined by the dimensions and properties of the pad. Information on the rotational properties of bearing pads is given in Ref. 3 . When the load is outside the kern of the bearing pad, the rotational spring constant becomes highly nonlinear. Test results in this area are lacking, for it is generally the object of design to keep the load within the kern.
Based on the data contained in Ref. 3 , the author has devised an empirical formula for the effective modulus of elasticity in rotation E, for bearing pads:
January-February 1993 In U.S. units: E, = 0.365 (1 + 0.5S') ksi In SI units: E, = 2.52 (I + 0.5S' ) MPa (35) where S is the shape factor . When the load is outside the kern, S is computed using the perimeter of the area that is in compression. Eq. (35) gives the modulus of elasticity in rotation E, for laminated pads. It has been suggested that E, for plain pads should be taken as half that for laminated pads. A typical bearing pad for a long span PCI BT-72 bulb tee might be 12 x 22 x 1 X in . (300 x 560 x 38 mm), with the thickness being determined by considerations of thermal expansion and contraction. For such a thickness, a laminated pad, say of three thicknesses of elastomer, would normally be used, although plain pads have also been used. Fig. 20 shows the applied and resisting moment arm curves for a 134ft (41 m) span PCI BT-72 supported on plain and laminated pads.
It is apparent that a serious stability problem exists with plain pads of this thickness. The laminated pad appears to provide more than adequate stability. But, note that even with the laminated pad, the rollover angle is about 0.13 radians or 71f?. degrees, far less than the tilt capability of the beam.
The applied moment curve in Fig. 20 was computed assuming an initial eccentricity of 1 in. (25 mm). The actual initial eccentricity is the sum of that due to sweep and that due to setting the beam off-center of the pads. This value could well exceed 1 in. (25 mm), in which case the applied moment arm curve would be shifted upward so that it intersects the moment arm axis at a value equal to the initial eccentricity. It is apparent that setting a beam a few inches (several centimeters) off center of the pad, even temporarily, can have serious consequences.
The resisting moment arm curves in Fig. 20 are based on the estimate of E, given by Eq. (35). At present, test data are not available to verify this equation. PCI is currently sponsoring research on the rotational stiffness of bearing pads.
WIND ON BEAMS SUPPORTED ON BEARING PADS
Wind forces on beams produce applied moments that must be added to other applied moments. This represents an additional initial eccentricity due to the deflection caused by the wind load. Additionally, the wind load itself causes an overturning moment about the bottom of the bearing pads, which divided by the beam weight produces a moment arm of 2.73 in. (69.2 mm). The total moment arm at zero tilt angle 8 is the sum of assumed initial eccentricity e; plus these two added quantities. Thus, the applied moment arm ca at zero tilt is 6.35 in. (161 mm).
As shown in Fig. 21 , this will cause the beam to roll over, even with laminated pads. For a beam erected in an elevated structure, a 10 psf (480 Pa) wind load is a distinct possibility. This emphasizes the importance of bracing the ends of bridge beams against rollover as soon as they are erected.
EFFECT OF OVERHANGS
The beneficial effect of supporting a long beam at some distance in from the ends is well known. rotational spring stiffness was assumed to be as in Appendix B of this paper. Required concrete strengths are read on the right scale. Fig. 22 shows a rapid increase in factors of safety for a hanging beam as the overhang is increased. But, increasing the overhang increases the bottom fiber stress and the required concrete strength to satisfy the 0.6f;; criterion. The best compromise is an a distance in the range of 7 to 9 ft (2.1 to 2.7 m) for this beam. Fig. 23 shows the factors of safety for a supported beam on a 6 percent slope, with supports having a Ke of 40,500 kip-in. per radian (4600 kN-m per radian). The factors of safety for supported beams are much less sensitive to overhang distance. For supported beams, the stability of the beam is much more a function of the stiffness properties of the support rather than the beam. But, the factor of safety against cracking is determined by the top fiber stresses in the beam. Past practice has been to support the beam on the truck at the lifting points. Fig. 23 would indicate that some deviation in location of support points on the truck and trailer is permissible.
Eq. (8) 
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The other parameters needed to construct Figs. 22 and 23 are dependent on the prestressing and on the properties of the supports. Although Figs. 22 and 23 may be used to evaluate the effects of overhang distance in a general way, calculations must be made (or use program ROLLEM) to evaluate specific cases.
Unequal overhangs are sometimes necessary during shipping. It is sufficiently accurate to use the average overhang in stability calculations, but the stress at the support should be checked using the actual overhang.
WHAT FACTOR OF SAFETY IS NECESSARY?
The necessary factor of safety cannot be determined from scientific laws; it must be determined from experience. The author tentatively recommends using a factor of safety of 1.0 against cracking and 1.5 against failure. This applies to both hanging and supported beams.
For hanging beams, the weight and stiffness of the beam is reasonably well known. The major unknown is the initial eccentricity e; caused by sweep and lifting loop tolerance.
By measuring the tilt angle 9 of beams while hanging, a fabricator may use Eq. (5) to determine the actual values of e; being encountered during production, and adjust the calculations accordingly: (5) For supported beams, the major unknowns are the roll stiffness of the supporting vehicles and the transverse slope of the roadway . It should be noted that transverse slopes occur for reasons other than superelevation. On soft ground -on a shoulder or at the construction site -one side may sink into the ground, creating a large transverse slope.
These unknowns primarily affect the factor of safety against cracking. The author believes that many beams have been successfully shipped with a theoretical factor of safety against cracking of less than unity.
As shown in the girder test, exceeding somewhat the theoretical cracking load does not produce any noticeable effect. But, until actual factors of safety used in the past can be better documented , a minimum factor of safety against cracking of 1.0 is tentatively recommended . The factor of safety against failure is basically the factor of safety against overturning of the rig . A factor of safety against overturning of 1.5 is believed to be adequate.
The recommended minimum factors of safety apply to calculations that do not account for creep and impact. Impact is normally of significance during hauling, but stability is primarily a problem when traversing areas of high superelevation at low speed. It is recommended that the effects of impact and superelevation be accounted for separately. This was also recommended by Imper and Laszlo.' Lifting and traversing superelevated roads are short-term activities , for which creep effects need not be considered. The author recommends against leaving long beams in a tilted position for a time sufficient for creep effects to be significant.
TEMPORARY KING POST BRACING
Long prestressed concrete I-beams are often braced during transportation using a king post truss system similar to that shown in Fig. 24 . Prestressing strands are partially tensioned against bearing plates at each end of the beam and against steel king posts at the middle of the beam. Such bracing has been in use for many years, and it is widely believed that the bracing is of considerable benefit in stiffening the beams during transportation.
The author believes that such bracing is of very little benefit. The steel area of the prestressing strands is too small to make a significant contribution to the lateral stiffness of the beam. For instance, consider a PCI BT-72, braced with two strands on each side, with the strands 36 in. (0.9 m) from the axis of the beam.
The EI of the strands, about the weak axis of the beams, is only 13.3 percent of the gross E/ of the beam. Furthermore, the strands are not bonded; rather, they act more like a truss. An indeterminate truss analysis shows that the bracing reduces the lateral deflection by 5 percent. For comparison, moving the supports 1 ft (0.305 m) [from 9 to 10ft (2.75 to 3.05 m) from the end] also reduces lateral deflection by 5 percent.
It could be argued that the bracing adds more to lateral strength than to stiffness. This is true; however, as previously shown, prestressed concrete I-beams have sufficient lateral bending strength without bracing. The full-scale test showed very little difference in behavior at a 15 degree tilt (well beyond the cracking tilt angle) with and without bracing, and the presence of bracing reduced the lateral deflection by only 7 percent.
To improve the factor of safety against cracking, temporary prestressing of the top flange, as recommended by Imper and Laszlo/ is more effective than lateral bracing. Also, horizontal stiffening trusses with mild steel chords are effective.
CONCLUSIONS AND RECOMMENDATIONS
1. A theoretical analysis of the post-cracking behavior of prestressed concrete 1-beams subjected to tilting has been developed. This theoretical analysis has been verified by a full-scale test.
. 2. Long prestressed concrete 1-beams of ordinary proportions (such as the PCI BT-72) normally have sufficient strength to withstand a minimum tilt of 0.4 radians (23 degrees). This is a greater tilt angle than can be resisted by ordinary supports such as bearing pads or transportation equipment. 3. Conclusion 2 leads to the following thought: In past accidents which occurred during the transportation of pre-82 stressed concrete I-beams, it is likely that the I-beam did not fail until something else triggered the failure. This could be breakage of chains or pins, or rollover of the vehicle.
4. The results of the full-scale test verify that king post bracing using strand does little to improve the lateral bending stiffness and strength of prestressed concrete 1-beams during handling and transportation. For prevention of cracking, the use of temporary top flange tensioning proposed by Imper and Laszlo' is more effective.
5. A common fundamental approach, using moment arm vs. tilt angle diagrams, can be used to solve both the problem of beams hanging from loops and that of beams supported on elastic supports.
6. The common fundamental approach shows that there are important differences between the case of hanging beams and that of beams on elastic supports. For hanging b~ams, the most important parameter is the lateral bending stiffness. For beams on elastic supports, the roll stiffness of the support is the most important parameter.
7. The roll stiffness of transportation vehicles is not well known. Because of the critical role this property plays in the lateral stability of beams, tests of the roll stiffness of vehicles are needed. Procedures for such tests are given.
8. When beams are set on elastomeric pads, it is important that the weight of the beam be concentric on the pad. Eccentricity -even temporary eccentricity -may cause rollover in extreme circumstances. Also, beams set on elastomeric pads should be braced against rollover at each end, to prevent the possibility of rollover in high winds.
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APPENDIX C -SIMPLE BASIC PROGRAM
A simple BASIC program is shown (see Fig. C1 ) that allows a design engineer to quickly evaluate the factors of safety against cracking and failure for hanging and supported beams. The determination of the optimum overhang distance a is a matter of judgment. The program enables the trial of various a distances without re-entering other data.
The logic of the program is straightforward. The steps in the computation closely follow the steps in the example 86 problem given in Appendix B. The user may readily alter the program to suit his/her needs.
ERRATA TO PART 1
1. Appendix C. In Eq. (10) , delete the first pair of parentheses. 2. Appendix E. In the summation L bf/3, in.' should be in.
